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THE EFFECT OF COMPRESSIBILITY ON EIGHT FULL-SCALE PROPELLERS
OPERATING IN THE TAKE-OFF AND CLIMBING RANGE

Bt- DAYID BIERMKNN and EDWINP. HAETMAI+

SUMMARY

Tests were mude of eight full+wale propellers of dijereti

8hape at ca.m.ou8 tip speeds up to about 1,000 feet per

second. Th8 range of blade-angk 8etting8 inre8tigated Iwa8

from 10° to 30° at tha 0.76 radiu8.

Tha results indicate ihai a loss in propulm”re e@ienq

occurred at tip speeds from 0.6 to 0.7 the relocity of 8ound

for the take-off and climbing conditions. As the tip speed

increased beyond these miiical ralue8, the 148s Tapidly

increa8ed and amounted, in some in8tarwe8, to more than

20 percent of the tIwu8t pouvr for tip-speed ralue~ of 0.8

the speed of 8ound. In general, as the bfude-angle setting
wa8 increased, the bs8 started to occur at kncer tip speeds.

7% maximum los8 for a @“ren tip 8peed occurred at a

blade-angle 8etting of about .20° for tha take-off and 26° for

the climbing condition.

Although the 1o88 at the take-o$ condition due to com-
pre8siiWity UV8 greater for the R. A. F. 6 section thun for

the Clark F, greaterjor blade8 of standard width than for

extremely mide one8, and greater for a thick propeller than
for a thin one, the actual e#cimtcie8 at high tip ~peeds were

found to be about the 8ame because, in each ca8e, the pro-

peller that hud the greatest lime~ from increasi~ the tip
speed had the highest ej?eiency at low tip &peed8.

The compressibility 1o88 at the take-of for controllable

propeller8 wa8 considerably reduced because of decreaaed

blade-angle operation nece88itated by increased power

coefim”entq but the rerer8e was true for fixed-pitch pro-

pellers ina8much as the higher power coej?m.ent8 resulted

in red~ed engine 8peed8.

A s-implijied method for correcting propellers for the

e-feet of compressibility is giren in an appendix.

INTRODUCTION

The first.effects of the compressibility of air to influ-
ence the flight of airplanes are feIt by the tips of pro-
peIlerblades, which usutdIyoperate at speeds approach-
ing that of sound. The results of e.sperience and re-
search rigree in showing that at sonic tip speeds the
effeck of compressibility are very unfwrorable. The
fIying speeds of airplanes have only recently reached
values where the effects of compressibility on parts of
the airphme other than the propeller are of such magni-
tude as to warrant more than passing attention. The
serious effects of high tip speeds on the performance of
propeIIe~ have, however, been of great practicaI inter-

est for many yems and considerable research has been
directed to-warda better understanding of the phenom-
ena of compressibility as affecting propeIler operation.
The principal methods of attacking the probIem may be
classified as: (a) airfoil tdsj (b) mocleI-propeIIer tests,
and (c) full-scaIe-propeller tests.

Airfoil tests are particularly vahm.ble in the study of
compressibdity because many of the variables present
in propelIer t~ts do not enter into airfoil tests and the
important compressibility effects are therefore more
easfly isolated and revealed. Without them the com-
pressibility phenomena detected in propelIer tests would
be diflicult to understand or to explain.

h exwnimtion of references 1, 2, and 3 reveak a
marked change in airfoil characteristics with increasing
air speed. There appea~ to be a general tendency for
the slope of the lift curves and of the profile drag in the
usual propeller operating range to increase up to some
critical vahe of l,”f~’. (ratio of air speed to the speed of
sound) corresponding to that at which the compressi-
bility burble occurs and at which the lift drops sharply
and the drag increases rapidly. The ~aIue of the speed
at which the compressibility burble occurs is dependent
on the angle of attack and the thickness of the airfoil;
increasing either of these quantities causes the com-
pressibility burble ta occur at lower speeds, sometimes
m Iow as 0.4 or 0.5 the speed of sound. The com-
pressibility burble is attributed to the formation of a
shock wave caused when the flow over the surface
exceeds the Iocal ~elocity of sound. (See reference 4.)
A large part of the kinetic energy in the flow is converted
into heat when the particks of air pass through the
shock region, which results in an increased drag of the
airfoil. Also, the reduction in velocity and the con-
sequent increase in pressure bebind the shock wave
result in reduced lift.

TIM influence of compressibility on the character-
istics of model propellers has been observed in many
British tests (reference 5). The results of propeller
tests agreed qualitatively with the results of airfoiI
tests in that.the power and the thrust increased with tip
speed up to a critical vahe beyond which the thrust
and the efficiency dropped.

There is some reason to believe that the propeIler
characteristics should depend on Reynolds Number as
well as on tip speed; hovrever, tests of propellers of
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di%’erentblade width (reference 6) show’ only a slight
Reynolds Number effect, and British flight tests, which
were made to check model tests (reference 7), indicate
no serious scale effect at the peak-efficiency condition.

FmunE L-The prolmlk test eet+rp w!th radle.1engine nacelle.

Wind-tunnel testshave been made by theN. A, C, A. of
a serie9of full-scale propellers having cliflerentthickness
ratios and different ~irfoil sections (reference 8), For
the low blade-angle settings iyestigated (6.8”Z 9.6°,
and 10°) there was discovered. little or no loss iU effi-
ciency below wtip speed of about 1,000 feet per second,
even in the low V/nD range. In view of the resulb
from later tests of the same airfoil sections. (reference
2), it would appear that compressibility effects of
appreciable magnitude should be noticed for &her
blade angles in the low T7/n.Drange corresponding to
the take-off and climbing conditions of flight.

The tests reported herein were instituted to deter-
mine the compressibilityy effect on full-scale propellers
operating at blade angles corresponding to those used
in present-day aircraft when set for the take-off and
climbing conditions. The blade-angle settinge invest&
gated ranged from 10° to 30° in 5° increments. Owing
to the limiting tunnel speed of about 115 miles per
hour, the upper V/nD range could not be obtained for
the higher tip-speed runs; however, the Y/nD rang6
corresponding to the take-off and climbing conditions
of flight was covered. The. tip-speed range extended
from about 600 feet per second to more than 1,000 feet
per second for one propeIIer.

Four of the pmpellera tested have Chwk Y Mado sec-
tions and four have R. A. l?. 6 sections. of tho CItirkY
propellers, thee me of a series huving variations in
thick?mssratio. Among the R, A. 1?.6 propc]hws thor@
are vmiations in blade width tmd phm form.

@HJM 2,—The w sektrpshowing I[quld.euulotleng[.mnuml]e.

These compressibility tests were run from time to
time ““ii a part of a propollor program involving a
number of subjects. During this poriml of time, tho
body tlmt covered the engino was changed from n radinl
enginenacelle to a liquid-coded engine nwlh Scvcrd
of the propellecs wero tested in conjunction with tho
radial engine nacelle nnd smno with tho liquichcoolcd
engine nacelle; a few propollere wore tested in conjunc-
tion with both.

The series of tests reported herein, nlthough not
completa nor entirely conclusive, covels n very irn-
portaut HeId. Research on the prohlom of com-
pressibility should be continued to invcstignto further
such effects as may be caused by changes in Mudc
section, thic.knees,and width nnd S11OUMbo oxtondcd tu
higher values of tip speed, especially for tho upper
ranges of bIade angles.

APPARATUS AND METHODS.-.
The task were mnde in the propeller-rcsmrch Lunncd,

a description of which is givrm in refcrencc 9. Tho
power to operate tho test propellms wns supplied by a
600-hcirsepower Curtiss Conqueror engh gcumed 7:5.
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The engine was boosted to S00 horsepower, when more
power was required, by a motor-driven Roots blower
located on the floor of the test chamber.

The dynamometer used for mewwring torque is of
the cradle type With the axis of rotation on one aide of
the engine. The torque reaction W= carried through
u vertical oompre=ion post to a mechmical bakmce on
the floor of the test chamber. The engine coding was
supported on the Eyed portion of the supporting framG.

The radial engine coding (@. 1) used for the tit
series of tests is 52 inch= in masimum diameter and
126 inches in length. The Iiquid-oooled engine naceIle
(fig. 2) is oval in cross section, 43 ~~h~ m height,
38 inches in width, and 126 inches in length.

Eight propeHers having a range of diameters from
9?; feet to 11 feet were tested. The dist~a~~

featurw of these propeIle~ are shown in figure 3.
Blade-form curies are giren in figures 4, 5, and 6.
The symbols used in these &ures are defined as:
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D, diameter.
R, tidius to the tip.
r, station radius.
b, section chord.
h, section thickness.
p, geometric pitch.

AH the propelle~ have two bIades. Section ordi-
nates me given in figure 7. The principal dimensions
of the propeHe= are given iR the foIIowing tabIe.

Dfum-

PropeIler g. mction :* ; ‘t J&
0.75E 0.75R

sw-9------- 104 Clark 1“(ne@- 0.Ml o.m riomd.
WS-E8.-.. 1o-o R. A. F. 8----- ;&l X&O Do.
aim’--------- Pd CIark Y (old)-
4m-------- 9-6 ---do— ----- .C53 :$ E
‘s9--------- 94 ._-do ------- .Osa
fm_:l__ 11-0

Do.
Ii. -i. F 6----- .G91 Do.

H-o ---do- ------- :% .007 Pohlttd.
Oi-su:-x WO -.---do --------- -cm .WJ Round.

Sws+ 4s77
5W-E8 m an N5

WE
37-3847

FIGLTM3.—PropeUerbkks Wed
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The method adopted in making these tests consisted
in setting the engine speed at a given value and in-
creasing the tunnel air speed progressively up to the

./2
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FIGURE5.—Blnd8-formcomes for propellers4?.77,4S78,and 437%

maximum vaIue of about 115 miles per hour. The
principal measurements recorded include: engine
torque, propeller rot~tional speed, thrust of the

propeller minus the body and interfercnco drag, tmd
tunnel air speed. The drag of the body was measured
in a separate test with the propeller removed.
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FIourm 7.—PropeUersectionordfnatca (h fmctfon of mwlmum rudinala).

RESULTS .

The mertsuredvalues have been rcduccd to tltc usunl -
coefficients of thrust, power, and propulsive e~iciency,

effective thrust
c,= P*,*

c,= engine power
pnsD

md
c, v——

‘=Cp nD

Wherethe effective thrust is the measured thrust plus
the body drag with no propeller or, in ot.lwr words,
We propeller shaft tension minus the increment of
body drag due to the slipstream.
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D, propeller diameter, ft.
n, propeller rotational speed, r. p. s.
The foregoing coef%cients were plotted against the

coefficient ~7/nD and a smooth curve was drawn
through the thrust and power points. The efficiency
curve was adjusted to correspond to the thrust and
power curves as well as to the calculated efficiency

. . . . . . . . . .-
points. A typ~crdplot ISshown m hgure &

./0 Cf.c?

‘\G
v .8.06 - \

\ /
.
lx

.06 - r

1

.6

G
T

% ) .
.04 — —

\

.4

x

.02 - .2

0
0

.2 .4 .6 .8 /. o
v/nD

Fmnui &-Typical testresdte rhcmfngnmmal scatterof pcdnt~. PropelIer WS-R6;
dfsmeter, 10ft.; propeller set 1S”at 0.i5R; Prqxlkr s@ed, 1S0 r. p. m; IIr@d-
cooledengine naeeIle.

In order to show the eilect of different tip speeds on
the propelk characteristics for particular values of
lr/nD, plots are given of relative efficiency, relative
thrust, and relative power against the ratio of the tip
speed to the speed of sound, ~7’/V.. Only two types
of such plots are given: one represents the take-off
condition of a landplane arbitrarily taken at a V/nD
value of 0.30 times the V/nD for peak efficiency; and
the other, the climbing condition taken at a 17/nD
vahe of 0.65 times the V/nD for peak efficiency. The
reference point used in computing the relative values
of efficiency, thrust, and power was V’/17.= 0.5. Thus

7 c’. c,
—, and ~p represent the ratios

&o.5)’ ~d.,) (;-0.).
of the propeller characteristics with respect to those at a
tip-speed ratio of V’/~-7c=0.5. The tip-speed -relocity
1“’ is the tangential component of the actual tip speed
and is defined by the relation 1“’=z-nD. The forward
component of the tip speed, which increases with
VlnD, was small enough to be neglected in the present
tests.

The terrtresults are given in tlmee groups: The fit
group (tigs. 9 to 35] co-rem the work done with the

adial engine cowled naceIIe. The second grotip (&.
6 to 46) covers the results with the Iiquid-cooled
ngine nacelIe. The third group (figs. 47 to 53) com-
Itisescomparisons and examples derived from the fit
wo groups. The test results have been tabulated in
ix tablesand are rrmiIable on request from the National
~dvisory Committee for Aeronautics.
Inasmuch as the temperature of the air determines

be velocity of sound, the folIowing table of tempera-
turesis included.

I FWUeI engfne mcdle

I

fl
—

em-
ela-
me
“F.)

65
71

%
81
6S
$

77
69
75
06

—

The speed of sound in air is given by the folIowing

=l;120Jm4
-here

Tc is abscdute temperature, “CL
T=, absolute temperature, “F.

DISCUSSION

b examination of the results from airfoil tests at
igh speeds, such as are given in reference 2, leads to the
]llowing conclusions regarding what.should be expected
rom propelIer tests:

(a) The thrust and power coefficients should in-
rease with tip speed in the range below the critical
ip speed (compressibility burble).

(h) There should be a loss of thrust and efficiency
nd an increase in power after the tip speed exceeds
he critical due.

(c) Since compressibility losses occur at-lower speeds
s the angle of attack of the airfoil is increased it
Jllows that, at low vahms of V~nD, losses should occur
t fairly low tip speeds. The critical tip speed for a
iven blade angle should increase as V/nD is increased.
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(d) The blade-angle setting of the propeHer should
determine the 1“/nD range wherein compressibility
10SSSSoccur for any given tip speed, because the section
angle of attack is determined by both the T7/nDand the
blade-angle setting. For blade angles sufficiently low
that stalling ne~er occurs (approximately 20° and 1=),
the greatest loss should occur at a zero value of J7/nD.
For higher value of the blade angle, the normal stall
might be expected to deIay the compressibility burble
so that losses from this source might, in general, be con-
fined to the V/nD range below the stall. Under such
conditions the climbing condition of flight might suffer

/.2

1
T Blade-a nqle sef fihg

v — —
’15”\

\

.8
20°

1.2
X“

c. / ,2~--15°

‘=@a$
—f.o — ~ A — –– — ._

20°

.8 -

1,2
.2P / 15“

20”-— —
c. H

“(K+
—/.0 \ .

.8
.4 .5 .6 .7 .8 .9

Vpc

FIGCBE13.-Chengee In ~pelIer cheru?terfst~ due to compressibility for the
takeoil condition. Propeller 6868-9; dlemeCer, 10 ft.; radfrd engine meelle;

+%J,..W.

more from compressibilityy than the take-off condition.
(e) The Clark Y section has a higher critical speed

than the R. A. F. 6 section and propellers of Clark Y
section should therefore be less affected by compressi-
bilityyin the normal operating range; likewise, thin pro-
peUersshould be 1sssaffected than thick ones.

A general surrey of the results reveals qualitative
agreement between ~irfoil rmd full-scale-propeller re-
SUMS. There might be some question as to whether the
effects noted are entirely due to compressibility, since
blade deflection would result in somewhat the same
displacement of the curves. %me deflection measure-
ments that were made by a light-beam method showed
the blade torsional deflection to be negligible; it is there-
fore probable that the ~arious effects noted me due to
compressibility.

EETEOTS AT SPEEOS BZLOW THE CBPITCAL

The tendency for the thrust and power coef%cients,
Et a given J?[nD to increase mith increasing tip speed
for speeds below the critical may be noted for nearly
all of the propellers. The increase is greatest at low
171nD Values and tends to diminish as l“~n~ is in-
creased. This effect is of some importance in the take-
off and climb of both fked-pitch and controllable pro-
pellers. In the case of the fied-pitch propeller, the
engine speed vzill be reduced by the higher power re-
quirements of the propeIIer and engine power will be

/.2

I I I I
Blade -ongle se ffihq

‘0 ?@ f .&. 4=15°

a

.8

f. 2

0

c= do”
\

55”
crg~qf.o

.8-

/.2
,/- .ZI”

c=
—f.o — ~ ~
‘K-q

.8
.4 .5 .6
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.7 -8 .9

FIG- lL-Chrmges in propeIkr chermteristfce dm to eompreslbfUtyforthe
clfmbing condition. Prr@ler ~; dfemeter, 10 ft.; radial englm namIk;

:-o-m(%),..,df.

lost proportionately to the drop in rotational speed.
The pitch of the controllable propeller must be reduced
to offset the added power required with the result that
the propulsive efficiency will be increased.

EFPECT AT SPEEDS ABOVETHECSITICAL

At the tip speeds at which compressibility losses
occw at the tips, the tendency for the thrust coefficient
to continue to increase is reduced. Nter sticient
blade area at the tips is operating beyond the compres-
sibiiit.y stalI, there is a tendency for the thrust coefficient
to decrease -with increasing tip speed and for the power
coefficient to rise disproportionately fast. A consistent
reduction in efficiency may be noted for all the propel-
lers after the tip speed has reached some critical value.
The amount of reduction can be seen to depend upon
a number of factors, such as tip speed, Trlnll range,
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blade-m@e setting, blade section, blade width, and
bkide thickness.

Tip speed.—The tip speed at which corupressibihty
losses first appear varies quite -widely, depending prin-
cipally on the ~“/nD range and the bl.ade-an.glesetting,
which, of course, defies the angle of attack of the sec-
tions. In the take-off range of T“inll, it may be noted
that compressibility losses fit become evident at from
0.5 to 0.7 the speed of sound for the ditlerent propellers.
(See &a. 13, 20, 26, 30, etc.) The blade-angle setting
evidently has littIe effect in this range as no d&nite
trends are evident except, perhaps, in the case of pro-
pelIer 586S–R6 (fig. 20), which shows the results for a
wider range of blade-angle settings than tho other
propellers.
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FIGCEE !M.-CbmWs fn pro@er cbaradmfsttm due to compreeafbilfty for the
take.oll candlt[on. PropelIer t#+R& *meter, IO ft.; radfal ermine nacel~

aii+”a] (#D) ,,.k ,(f.

In the climbing range of 1“/nD, compressibility Iosses
first appear at tip-speed TAMS of from 0.6 to 0.75 the
speed of sound for most propellers. (see figs. 14, 21,
~i, 31, etc.) In genertd, as the pitch is increased, the
losses occur at lower tip speecls. (See, in partictdar,
figs. 14 and 27.)

Blade-angle setting,-The ma=titude of the compres-
eibihty 10SS is largely determined by the blade-angle
setting for any given tip speed and ~“ln~ range. In
the take-off range, the indications are that the greatest
10SSoccurs at blade-angle settings of about 20°. (See

igs. 13, 20, and 26.) At tip speeds of O.S~’,, the maxi-
num indicated losses amount to from 10 to 25 percent
]f the thrust power, depending upon the propeller.
ktrapolation of some of the curves to tip speeds of
1.9~”eindicates thtit the masimum 10SSmight amount
:0 as much as 40 percent.

In the cIimbing range, the greatest loss evidently
xcurs at a blade-angle setting of about 25°. Since the
mgine power was limited, it. was not possible to reach
rery high tip speeds for these settings. The 9J&foot
?ropeller (4s79) afforded the best opportunity to study
he effects. A tip speed of nearly 0.8 ~“, was reached
~orthe 25° setting and, from this test (fig. 27), the fore-
;oing statement is best substantiated. The mafium
.OSSin efficiency for this condition appears to be of the
]rder of 10 percent at tip speeds of 0.8~’..

FUXEX 21.—Chanm in pmpeIIer ehameteristics dna to compressfkdllty for tha
WrnbLns condit[on. Pmr@IIer W3%R6: diameter, 10 ft.: mdfcd e- n-~a

.s0;(:)- -
B1ade section.-of the eight propellers tested, four

hti~eC1ark1“ sections and four Imre R. A. F. 6 sections.
Only two of these can be directly compared for the
effect of section, however, because the rest also chfler
in other respects. In figure 47 a comparison is made
betvreen the two propelle~ 5S6S–9 and 5S6S–R6 on
the basis of the relati~e ttike-off and climbing effi-
ciencies. It maybe noted that, for any given tip speed,
the losses for the C1arli 1“ propeller are, in general,
ordy about one-third, to one-half as much as for the
R. & F. 6 prope~er. The actual efficiencies in the
take+ff and climbing rang= me, however, &bout ecpd

,7.
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at high tip speeds, inasmuch as the efficiency at low
tip speeds for the R. & F. 6 propeller is greater than
that for the Clark 1“ propeHer in these ranges. (See
&s. 9, 10, 16, and 17.)

A plausible explanation for the greater cornpre&-
bility effect on the R. A. F. 6 propeller seems to lie in
the differences of the radii of curvature of the front
upper surfaces of the sections. (See @g. 7.) The
R. A. F. 6 section has the Iesser radius of curvature,
hence the induced velocities me probably greater.
The compressibihty burble should therefore occur
erdier for the R. A. F. 6 section.

{.2r 1
I

v Bfode - angle seffiq

/o . I 3,0” I
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I
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& I
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5 5 .7 B 9
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FIGURE z6.-Changee Ln pm@lar chrweeterlsflcsdue to eompms8fblUty for the
We-off c0nd1210n. FrOpelIer 4SiQ; dhmeter, ~;i ft.; radkd engfne mxlk;

%-”4%),M.
Blade shape.—ln figure 48 is shown a comparison of

three propellem having ditTerent blade shfipes. The
main differmce is the tip shape, as can be seen from
figure 3, although there are also dillmencee in thickness.
With the exception of the take-off comparison at a
blade-angle setting of 20°, the results from the three
propellers are almost identicaI.

Blade width,-PropelIer 37-3647 is 50 percent wider
than propelIer 586S–R6, but otherw%e the two propel-
lers are identical. Since the thickness ratio is the same,
the actual thickness of propeller 37–3647 is likewise 50
percent greater than that of propeller 5S68-136. The

slymk portions of the blades, however, are nearly
identical. A comparison of the results from these
propellers (fig. 49) indicates that the compressibility
loss for the wider blade is only about htdf that for the
one of standard width in the take-off range. The
Merences are more obscure for the chmbing condition.
The actual efficiencies become nearly equal at high
tip speeds, however, since the standard-width blade
has a higher efficiency at low tip speeds. (See figs. 36,
37,40, and 41.)

Just why the differences in Reynolds Number of the
two sets of tests should account for the diilercnces

12 I

I, 1

T B[obe-onqfe sef fi~
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I 1 1
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FIGurtE Zi.-Chsmges in prordler ch8raoteflstb?9doe to mmpresibfflty for the
elfnrbing condftIon. Propeller W9; df.smec+r, 9}$ ft.; radh.1enghie II&AM

%-+&hur.

noted is not clear. The wider blade produces a greater
inflow -relocity and, consequently, is working at a
lower augIe of attticli thun the standard-width one.
The inflow angle could hardly be increased, howe~er,
by the amount necessmy to make the ddTertmce shown
at the take+ff condition, equi~alent to a 5° change in
blade-angle setting, because the 15° curve of the
standard-width blade coincides with the 20° curve of
the wider blade. Computations based on the mo-
mentum theory, howe~er, do indicate an inflow angle
greater by 0.75°, owing to the increased blade width,
for one condition imrestigatecl.

.- .
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Blade thickness,-Propellers 4877, 4878, and 4879
constitute a seriesdiffering ordy in thickness; they were
built for the tip-speed experiments reported in refer-
ence 8. The tests reported herein were made at only
one blade-angle setting, 20°; the results are given in
figures 44,45, and 46. Comparisons of the results from
the three propellem are given in @gures 50 ~d 51.
During the tests it was noticed that the thinnest pro-
peller (4877) fluttered violently at low air speeds, pro-
ducing a very penetrating noise similar to that associ-
ated with supersonic tip speeds, The results very
distinctly show the effect of flutter. In order to avoid
confusing flutter Meets with compressibility effects,
the flutter effects will later be discussed as a separate
topic.

If the results from propeller 4877 be neglected for the
take-off condition on account of flutter, it appears that
the thickest propeller (4879) is Mected more by com-
pressibility than the medium thick one; in fact, no loss

.10
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c,
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.02

0 .2 .4 .6 .8 LO L2 1.4
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FIGUREM.—Cmss-fsired thruet-eoerTMerrtouwes. Prop+Jfer 4Sn dfsmeter, 9fi
ft.; radlrdengine nsrdle; propeller s.* 1,2XIr. p. m.; Up speed, 697f. p.s.

is evident for propeller 4878. It happens that the low
tip-speed efficiency of the thick propeller (4879) is higher
than that for propeller 4878, so their efficiencies at high
tip speeds become nearly equal. (See figs. 45 and 46.)
The results for the climbing condition are nearly identi-
cal for all three propdlers.

Flutter,—The study of flutter does not come within
the scope of this investigation. Flutter did exist,
however, in some instances and the results were con-
siderably affected thereby. As previously mentioned,
propeller 4877 fluttered violently when operating at low
air speeds. It mtiy be noted from figure 44 that the
power and the thrust were both increased by perhaps
10 or 20 percent, judging by the shape of the curves.
There is no way of isolating compressibility and flutter
effects except by assuming that breaks should not occur
in the curves if flutt+m eflecte are absent. It is quite
likely that most of the loss in efficiency observed in
figure 50 is due to flutter, amounting to about 18 per-
cent for tip speeds of 0.81J’C.

fi attempt was made to measure the amplitudo of
blade-torsional vibration of this propeller by tho
method of measuring blade deflection previously num-
tioned. The tests indicati that the bhdc at 0,75
radius was vibrating in torsion through tm wnplitudc
of between 1° and 2° when the propelIer was turning at
1,600 r. p. m. The amplitudo of the tip-section vibra-
tion was probably much greater.

EXAMPLES s3H0WlNG THE EFFECT OF COMPEKSWBILITY ON TtIE
TAKE-OFF AND CLIMBING THRUST OF CONTROLLABLE AND FIX El)-
PITCH PROPELLERS

Were it not for the fad thut compressibility in[hl-
ences both the power absorption tind the cfll?ienc.y
charactcrktics of propellers, it would bo ftiirly easy to
correct take-off and climbing oomputtitiom for diffm-
ences in tip speeds between propelIer-test and airpltum-
operating conditions. The increased power cocfkients
associated with high tip speeds will necessitate lower
blade-angle operation for cent.rolhtblo propelle~ mu!
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FIOL= 55.-Crw4afmrl power@s&?Ient curves. IVopel)or 4S7’9;dlsnretm, 9! j
ft.; rsdfal engine naeem propeller srmd, 1,2)0r. p. m.; Clpspmd, 597L p. L

the efficiency will be thereby increased; whereas, for the
fixed-pitch propeller, the engine speed will bo rwluced
for a given air speed, which affects both the brake
ho~epower and the propulsive cfliriency. Spcchic
examples have been worked out for both typea of pro-
peller (figs. 52 and 53) using datu from propdler 4379
(redid engine nacelle). These data, which me cross-
faired in figures 54 to 57, were umd bcoauso a greater
range of blade-angle settings and tip speeds wm
covered than with any other propeller.

ControHable propeller.—The example of tho con-
trollable propeller (see fig. 52) is bused on u G90-
horsepower engine turning a propcller at a speed of
1,600 r, p.m. The airpkme spcwl is 224 miles per hour.

Thrust curves at the take-off and climbing conditions
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me computed from data for tip speeds of 597 and 895
feet per second.

These computations show, for this exampIe, a Ioss of
5 or 6 percent in take-off thrust due to high tip speeds
and show a slight gain at the cdimbing condition. This
loss appears rather insignMmnt as compared with the
12 or 13 percent Ioss indicated in @e 26. Another
factor, however, enters to explain the difference. ‘I’he
blade angle must be decreased about 2° on account of
the higher power coefWients for the tip speed of 895
feet per second, with the result that the eficiency is
increased and the over-all 10SSis thereby reduced.

In order to separate the actual 10SSdue to compressi-
bility from the effects due to changing the blade angle,
a fictitious propeller was assumed that could have the
blade width changed in order to maintain the power
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FIixwr M.<ross-Csired thruskcoeftlcient mrms. PropeRer ~ dismeter, 9}f

fL; rsdld engtuenscek; pre@Ier~, I&O r. p. m.; tip speed, S95f. p.s.

coefficient constant at the same blade angles as for the
low tip-speed computation. The thrust is proportion-
ately corrected for the change in blade width. This
computation indicates a loss due to compressibility of
from 10 to 18 percent in the take-off range. The curve
showing the gti due to operating at lower blade angks
is taken as the difference betweeu the 10SS due to
corupressibilit y and the net loss.

Pixed-pitch propelIer.-The example of the fied-
pitch propeller was worked out for diRerent conditions
from the previous esample because a design blade-angle
setting of 20° was desired. A 285-homepower engine
turning the propeller at 2,oo0 r. p. m. and a high speed
of 166 miles per hour were aesumed.

A total 10SSof about 13 percent is indicated (fig. 53)
for the take-off condition and about 4 percent for the
climb. A small part of this loss is due to the lowered
engine speed brought about by the higher power
coefficients of the data for s95 feet per second. A re-
duction in engine speed reduces the brake horsepower,

1s977s--3%85

but the prop&Qive e&iency is increased for a given
air speed owing to the higher operating V/nD. The
net Ioss due to lowered engine speed is small for this
example but would have been more had the sIope of the
take-off thrust curves been steeper.

--—

This ti~ampledoes not give a true picture of the com-
pressibility effects for a particular case because the tip
speed was assumed to remain constant even though the
propeIIer speed decreased. The emmnple does give a
true picture of the effeck of compreesibtity at any par-
ticular air speed if it is assumed that the tip speed is
895 feet per second.

.-

A METHOD OF CORRECITNG PEOPFZLERS FOR THE EFFECT OF
COblPR=IBllITY

A simphfied method for correcting propellem for the
effect of compressibility is gken in the appendix of this
report. The method is based on generalized correction
factors that were derived from data presented in the
report. The use of the correction factors makw it

possible to correct, in a few minutes, the thrust of
similar propellers for the effect of compressibility.

r

. f2

.10

.04

} I I I I I i 1 t I I f I
o .2 .4 .6 .8 10 I!2

FIGUSE 67.- Crowfalmd power-fiknt cur=. Frw41er Mm; dbmeter, 9:*
ft~ radifd engine nacelM pro@er speeG I#Xl r. P. m.; tIP speed, S95L P. 9.

CONCLUDING REMARKS .

The results of the tests indicate the following con-
clusions regarding the effect of tip speed:

I. Losses in propulsive eiiiciency due to compressi-
bility became evident at from 0.5 to 0.7 the velocity of
sound for the take-off and climbing conditions of flight,
depending upon the propeller shape and the blade-
angle set ting. A the tip speed increased beyond these
vahms the loss increased rapidly, amounting to more
than 20 percent of the thrust power in some instances
for tip-speed values of 0.8 the speed of sound.



536 REPORT NO. 639-NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

2. The loss for the take-off condition increased with
blade-angle setting up to a value of about 20° for a
given tip-speed value. At higher blade angles the loss
diminished.

3. The loss for the climbing condition increased with
blade-angle setting for a given tip speed up to a value
of about 26°, beyond which it decreased. ALso, the
losses appeared at lower tip speeds as the blade angle
was increased.

4. Compressibility ailected the propellm of R. A. F. 6
section to a greater extent than it did the propeller of
Clark Y section; but, since the R. A. F. 6 propeller had a
higher take-off eJ3iciency at low tip speeds, the efficien-
cies nearly equalized at high tip speeds.

5. Compressibility affected standard-width blades to
a greater extent than it did extremely wide blades for
the take-off condition; but, since the standard-width
blades had a higher ef%ciency at low tip speeds, the
efficiencies nearly equalized at high tip speeds. The
standard-width blades had an even higher efficiency at
high tip speeds for the climbing condition.

6, The loss for the take-d condition due to com-
pressibility was greater for a thick propeller than for a
thin one; but, since the thick propeller had a higher
efficiency at low tip speeds, the efficiency nearly equal-

ized at high tip speeds. The effect of thickness was
negligible for the climbing condition.

7. There was a marked tendency for the thrust and
power coefficients to increwe with tip speed, oven befcnw
any 10SSin the efficiency was detected.

8. The loss in efficiency for controllable propcllms
due to compressibility was partly regained by the lower
blade-angle operation necessktcd by tho higher power
coefficients.

9. The loss in efficiency for Kyed-pitch propellcra duo
to compressibility was further increased by a loss in
engine speed and power caused by the higllcr power
coefficients.

10.~C!ompmie.ons of propellers having difkrcnL blfldc
sections, blade widths, and blade thickmsscs, mado on
the basis of datnufor propellers operating nt low tip
speeds, are likely to be misleading, inasmuch m. com-
pressibility eiTects appreciably modify and, in many
cases, tend to equalize any differences noted at the low
~TlnD”range of operation.

LANGLEY~lEMORIAL AERONAUTICALLABORATORY,
IVATIONALADVISORYCOMMITTEEFOR AERONAUTICS,

LANGLEY FIELD,, ITA., May 18, 14?$8.
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APPENDIX

A METHOD OF CORRECTING PROPELLER CHARAC-
TERISTICSFOR THE EFFECT OF COMPRESSIBILITY
AT TIPSPEEDS BELOW 0.9THE SPEED OF SOUND

The material presented in the body of the present
report is not in a form convenient to use in correcting
low-tip-speed propeller characteristics for compressi-
bility e.fleets encountered when operating at high tip
speeds. The data are given in a basic form and addi-
tional curves are included to show cwtain trends. In
order to make practical use of the material, it is neces-
sary to devise a method whereby the characteristic of
any propeller can be readily corrected for compressi-
bility tiects with reasonable certainty.

A number of factors associated with the problem
make it extremely difficult., if not impossible, to devise
an? set of formulas or curves by which the character-
istics of any propeIler may be corrected. Differences in
blacle section, width, thickness, plan form, and pitch
distribution account for clitlerences in compressibility
effects, so it is considered advisable to cofie the cor-
rection factare to specitlc propellers, at least for the
present. TKhen suflicientt data are accumulated, it may
be pcssible to formulate a more generalized method
that can be applied to any propeller, regardless of
shape.

The present method of correcting propeller charac-
teristics for compressibility effects is based on correction
factors applied to the thrust, rind torque coefficients of
either bed-pitch or controllable propellers. The cor-
rection factors are presented in curve form for seve.md
propellers in figures 58 to 61. It is pointed out in the
present report and eIse-ivhere that the angle of attack
of a blade element,, or the lift coefficient, is a major
parameter determining the magnitude of compressi-
bility effects. ?Xeither the angle of attack nor the lift
coefficient can be readily determin ed for propdlers but,
in&=much as the thrust coefficient of the propelIer is
closely related to the lift coticients of the sections, the
thrust coet%cient is considered ta be a good substi-
tute. ‘l%xough the use of the thrust coefficient as a
correction parameter, the blade angle and ~’jn~ are dis-
pensed with so that the method is generalized to the
axtent that it can be applied to any blade-angle setting
with reasonable accuracy.

The use of the thrust coefficient as a correction param-
eter has other advantages. Propellers having diflercmt

numbers of blades may be corrected without additional
considerations because the thrust coefficient at the stall
is nesdy proportiomd to the number of blades.

The normal stalJ of a propeller is readily apparent;
the thrust-coefficient curves break in much the same
manner as do lift-coefficient curves for airfoils. The
flow over the airfoil sections changes; the peak of the
negative pressures is eliminated and the corresponding
induced velocities me materially reduced with the
resuh that the efTect of compressibility is greatly modi-
fied and uncertain. For this reason, the propeLIer cor-
rection factor used for the unstaI.Ied portion of the oper-
ating range should not be used for the stalled portion.
The use of the thrust coeflkient as a correction param-
eter draws attention to the operating range.

The correction factors given in figures 58 to 61 are in
the form of ratios of Or, OP, and q at high tip speeds to
thosa at low tip speeds (taken at approximately 0.5 the
speed of sound). Individual curves are given for con-
StRIlt VtdUSS Of CT/CTW ,Mm. These correction curves
were obtained by plotting the data given in the body of
the report and cross-fatig the resulting curves. It
may be noted that the curves have been extrapolated
from approximately 0.8 or 0.85 to 0.9 the speed of sound,
in order to make the method more useful; consequently,
these portions of the curres may be subject to some
error.

USEOFTHECORRE~OX FACTORS

ControlIabIe propellers.-The power coefficient for
operation is determined by the air density, the engine
power, the propeller diameter, and the rotational speed.
b view of the fact that the power ooeficient. increases
with tip speed, it is necessary first ta determine the
values corresponding to the low-speed data because
from these data the bkde angles and the thrust are
determined. These values are determined by diding
the design power coefficient by the ratios of the high-
tip-speed to Iow--tip-speedpower coefficients correspond-
ing to the appropriate values of thrust coefficient and
then by reding the blade angles and Iow-tip-speed
thrust ooeffioients from the propeller curves. It is
then necessmy only to correct the coefficients for the
effect of oomp-bility by the use of the factors to
estabIish the operating dues.
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Several examples have been worked to illustrate the
prowss and, at the sme time, to show the magnitude
of the compressibility effects for typical airphme instal-
khions. Example 1 is a check upon the method for
controllable propeIIe~ presented in the body of the
report. The computations are given in table I (a)
and the final curves are shown in figure 62. The fol-
lowing series of operations is completed after the propel-
ler has been designed or selected in the USUSImanner.
(See table 1 (a).)

1. in column 1, values of ~“l@ are assumed.
2. The blade augle ~1 is read from the power-

coefficient curves at low tip speeds (fig. 55) correspcmd-
ing to the design (?pl of 0.0542.

3. The thrust ccefbient C=, is read from figure 54
for different dues of I%.

4“ ‘rll%e~ stal~ is computed from the values given

in cchmm 3. The value of OT at the stelI is taken
as 0.086. A high degree of accuracy is not nece~
sary because the results are not used directly in the
computations.

5. Power correction fackms are read from IQure 60
for values of CTJOT ~.~,~.~ogiven ~ WIW ~ ~d for a
value of V/Ve of 0.8.

6. The design power ticient, c=l = 0.05&, is

QP, .
divided by the ratio +=~ grren in column

(1%’)

5 in order to determine the corresponding power coefi-
cient dP2 for the lovr-tip-speed data being used.

7. The blade angle pa corresponding to CP2 is read
from figure 55.

8. The thrust coefficient Or$ corresponding to &
is read from figure 54.

At this stage of the cmrection the low-tip-speed data
are fitted to the design requirements of the engine and
propeI.Ier. It is now necessary to currect the thrust
data for the higher tip speed of operation, nameIy
0.817..

G
‘“ ‘e Comwtion‘actorG =2 is read

(%’)

from f@re 60 for values of CT
C,l

giwn in column
kl stall)

4 and Qvalue of V~V. of 0.8.
10. The corrected thrust coefEcient QT8 is obtained

by multiplfiW Crz by the ratio CF@.z given in cohunn

9.

11. The correctti thrust is obtained by multiplying
C~3 by the constant pn’P.

12. The air speed in miles per hour is obtained by

multiplying the V/nD given in column 1 by the constant
TVl?@8, where 1? is the propeller rotational speed in
r. p. m.

No computation is made for the correction of the
.ow-speed power coefficient (7P, because it is obvious
~hatmultiplying C..2by CP1/CParesults in CPI,the deign
p~vmrcoefficient. It maybe noted that the ccmputa-
hons were carried through for the stalled portion d the
]perating range even though the method strictly should
motbe appIied there. The error in this case is probably
mall since there is no etience from any of the data
that a sudden change in the effects of compressibility
)ccure at the stall.

From figure 62 it may be noted that the curve for
he thrust-,corrected by means of the charts, checks the
hrust curve computed from the 895-feet-per-seccnd
iat,a only for the low-speed range. The disagreement
it the climbing part of the range is attributed to the
[act that the charts are derived by averaging all the
~vailable data for this propeller; whereas the 895-feet-
?er-second curve is detsrmined essentially by the one
kst at 20° blade mgle, which was extrapolated for
V~nD values higher than 0.7. Since the thrust curve
ierived by the chart method is based on more test
points, it is considered to be the more accurate of the
two.

fi example 2, a 3-blade 586S-9 propelJer is selected
[rem the data giva in reference 10 for a radial engine
maceIIe, and the thrust is corrected by the present
method.

Given—
~ne----.--------------- 1,000horsepower.
Engine speed-------------- 2,375 r. p. m., sea-Ievel opxation.
Air EPeed________________ 283 m. p. h.

Selection of the propelIer-De@n A:

~ _O.638Xm. p. h. 0.638X28S=203
8— hp.’~XW’ ‘3.9SX22.35 .

l?rom figure 13 of referen@ 10,

3=1.3

q=o.86

Then

~=S8Xm. p. h. 88X283

()

‘2,375X 1.3
=8.06 ft.

IVx
nD deaim

Tip speed at zero forward speed is 1,000 f. p.s.
Sound speed for standard conditions is 1,120 f. p. s.

~=0.895

—

.-

—.

_—

—
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Computation of thrust and cotiction for compr~si- &Iy errors incidental to this extrttpolation will hmw a
biIity effects: negligible effect on the t~ke-ofl run, provided thut cor-

Table I (b), identical in form to table I (a), is fdled in, rect thrust values me obtained over tho httter part of
using data taken from figure 10 of reference 10 and iig- the take-off run.
ure 58 of the present report. The corrected thrust and It should be pointed out that the propellm of design A
blade angles are plotted in figure 62, along with the was selected from a 0, chart derived from low-t.ip-speed

Air speed m.p h

FmmrE 62.-Exernple 1 showing the rrneorrectedand ce+’rected
thrust and blsde anglesfor an sirpkme equlpti with Hopellsr
4879(cmitrollnbka).

Air speed, mph.

FIGIMX 63.-Emmple 2 ehowlng the rmsarfxted end cormetod thrust aod N3de @es fur an
efrplane equipped w[th propellerWE-9 (controlleldo).
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Frmmr 64.-EssmPle 3 showing the rmcerr’wtad and correeted thrust end blade agles for srt
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.9
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Iliiiii iiiiiiil-iltll -.
.50 .@ 40 m. m m f20 w 160 m

Air speed, mph.

FKm.rrrErM.-Exemple 4 showing the rmeormctod end corrector!
thrust snd tIp-epeed rsttm for M afrphe equlfwed with prowl.

alrplene equipped with propeller W3%R0 (eontrollebb).

uncorrected vahms obtained directly from the low-tip-
speed data. It may be noted that the thrust curve is
extrapolated to zero air speed, assuming that the effect
of compressibility decreases as the angle of attack of
the blade elements increases beyond the normal stall.

Ier IX.GS-U(fixedMA).

data; consequently, the design itself is slightly in error.
In the we of the d, chart mentioned, it is rtssumccl tlll~t
the propelkr will absorb tlm power under cert~in .9pcci-
fied conditions. Actually, the propeller will absorb
more power at the tip speet.1 of operation, so the Wdo
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angle is reduced to make up for the difference. This
result means that design A is a “compromise” design,
because the diameter is slightly larger than it would
be if there were no compressibility eilects. If .it were
desired to eliminate the compromise feature, the design
engine power could be reduced to correspond to the
low-tip-speed data and the propeller could be selected
on that basis. The following computations indicate
the general procedure.

Selection of propeller-Design B:

c.
=1.13 for high speed

“(W

1000
hp.~d,,f~]‘*=885

.

C.=2.OS

‘r

,$=1.34

D=7.83 feet

Tip speed= 972 f. p. s.

l“i17c=0.S67

cP(deWn)=
‘-” 550X1,000

()

=0.1263
p‘x *% ‘x (7.s3)5

The computation of thrust and correction for com-
pressibility effects are carried through in the same
manner as for design A. NTOtable is given but the
re.dts are plotted in figure 63. The thrust for desigg
B is slightly less than for design A o-rc@ to the smder
diameter, even though the compressibility correction
is less. No loss in high-speed thrust is etident for the
compromise design A. It appeam from this example
that it is scarcely worthwhile to select propehs on the
basis of corrected power unless the propeller diameter
is too hwge on account of other considerations.

In example 3, n 3-blade 536S-R6 prope~er is selected
for the same requirements as given in example 2. In
order to maintain the same tip speed as for design A, the
same diameter propeller was assumed, although this
size may not be the most efficient for high speed. Thrust
computations are given in table I (c]; the material is
taken from @re 9 of reference 11 and figure 59 of this
report. It happens that the test-body conditions were
diBerent for the 5S6S-9 and the 5S6S-R6 propellers but
the body eilects are and as compared with the com-
pressibility effects. The reeults of the computations
are gi~en in figure 64. The loss in thrust due to com-

pressibility for this example is quite starthg, amounting
to about one-third of the uncorrected thrust at low tip
speeds. Examples 2 and 3 illustrate the importance of
compretibility when comparing propellers of different
section. The R. ~. F. 6 section is superior to the Clark
Y section at lo-iv tip speeds but at high tip speeds the
relative merits are reversed.

Fixed-pitch propellers,-The method of correcting
fixed-pitch prope~ers is slightly more involved than for
controllable propellers bemuse the tip-speed correction
changw with rotational speed. Unfortunately, each so
depends upon the other that, in order to obtain fairly
exact resuIts, a series of approximations is necessary. k
the fo~owing examples the number of appros.inmtions
has been minimized as far as is consistent with the
import auce of the corrections involved.

Example 4 illustrates the method of correcting flmd-
pitch prope~e~ used with unsupercharged engines.

Given:
En@ne-------------------- 600 horsepower.
Engine speed--------------- 2,375r. p. m., sea-le~eloperation.
Air speed------------------ 185 m. p. h.
Selection or design of propeller 586S–9 ha~-ing three
blades to be used with a radid engge nacelle:

Desia- A:

c,= 1.47

From figure 13 (reference 10),

1“7
=0.85

nii

fl=22.3°

Then D=s.07 ft.

C’P,=O.0653 (design value for high speed).

TIp speed= 1,000 f. p. s.

;=0.895.
e

IZ,=O.065 (design wdue for high speed).

‘% sty, =0.140.

~T,

=,=0.465.
c,

=1.115 (from fig. 5S).

cp(:+

This propeller will absarb 1.115X600 hp. or 670 hp.
at high speed. Either the diameter or the blade rmgle
must be reduced to absorb the spectied 600 hp. ?201-
Iowing the method of reducing the diameter, anew design

is made using ~=53s hp. This computation re-

—.
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sulta in the following characteristics:

C,=l.503

v –0.9
m–

D=7.62 ft.

;=0.847

c’,
= 1.085

Cp(w

In view of the change in the power correction factor in-
curred by the reduced diameter and tip speed, this
propeller will only absorb 538X 1.085=585 hp. A third
approximation using the average of the first and second

values of --- should result in approximately the

(+.,)

1.115+1.085
correct answer; 2 –1.100. The third ap-

proximation results in the following characteristics
designated “design B“:

hP. 1.1=~=b45 (for design purpose).

C,=l.497

;;=0.87

fl=22.7”

D=7.88 ft.

Tip speed= 978 f. p. s.

;=0.873

c,
=1.1 (check).

CP(;-o.,)

In table II the thrust is computed for design B
according to the following procedure:

1. In column 1, values of V~nD are assumed and, in
addition, the design value for &h speed is included,

2. From figure 10 (reference 10), the low-tip-speed
power coefficients ~~~ are read following the line for a
blade angle of 22.7°.

3. The c~m~pondhg tk~t coefficient, C=z, k ako
read from figure 10 of reference 10.

4. The ratio N/N_ is computed from the rehition

2= d
%(.t ?JioZl8,*M,

a. , ---- -—. .

CP,
assuming that the torque

remains constmt for small changes in rotational speed.
This condition is substantially true for unsupcrchargml
engi.ms.

5. The ratio V/~7cis equal to -~#=)(0.873.

CTQ.
6. The ‘at’lo Ck(ctttazois computed using

CT(.l ataiI) =0.140.

c.
7n is read from figure 58 for different

‘“‘p(+-”’) fJTg
dues of ~7/~TCand

Cr(u~8ta10

.

is also read from

8.*
9. Corrected values of power

computed, CPzX~=CP8.

‘(i%)
10. Corrected values of thrust

computed in a sjmilar manner.

figure 58.

coelllcicnt dp, mo

coefficient CT* ~r6

11.Corrected values of N/Nmaz We COmpukd

using CPa.

12. Values of V/Vm are cornputd from the rcla-

~~ ()
xiv
nD .~0~ KU= “~ N_maz

() n-D m==
13. The air speed is computed from L11Orelation

T“/17muz,kIIOWhlg Vmaz.
14.The thrust is computed from the relation

CPa(at hi#b uwbil )@, ,V~l~~~ K=p?baD4.
T= CT

CP8

If the method of reducing the bklc anglo is followed,
to offset the increase in power coefllcicnts from low ta
high tip speed, design A is used directly but it is ncccs-
arg to determine the blade-angle reduction. Tho value

c.
of (7Pl is divided by CP h W-ermino the

(++)

0.0653
CPS corresponding to the low-tip-speed data; ~=

0.0585. Thfortunately, this value is ordy tho first
approximation becmse the low-tip-spoccl thrust coefE-
cient “is likewise reduced, changing the value of

CTI ~ 0.059
L:p

~ or 0.42.
CT(clt,i~ii) .

The value of CP
(;-0.6)

then becomes 1.105. TIIe second approximate ~mluo if
0.653

power coefficient becomes ~=0.0592. This CP, do-.
ties the blade angle so the C’Pa and Cq can bo read from
figure .10 (reference 10) for Werent valucs of V/n~.
The corrected thrust is then computed in tho manner
outiined in table II. No table is included for design A
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computations but the thrust is given in &ure 65 to-
gether with those for dwign B and the uncorrected
thrust.

It may be noted horn @gure 65 that little, if any,
loss in thrust due to compressibility is evident for tlis
example. The explanation lies in the fact that the tip
speed drops to about 0.7 the speed of sound in the take-
off range owing to the deorease in engine speed. It
may be noted from figure 58 that a maximum of only
4 percent in efficiency is lost for this tip speed. It
appears from this example that oomputatiom for cor-
recting the thrust of iixed-pitch propellers may not be
worth while in many instances. A preliminary estimate
of the tip speed in the take-off range together with a
reference to the correction factom would indicate the
importance of further computations. It probably is
desirable in any case to make allowances in the design
of propellers for differences in the power coeflioient for
test data from low and high tip speeds in order to
determine the diameter and the blade angle.
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TABLE I (a)
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TABLE I (b) ““

E.XAMPLE 2, CONTROLLABLE PROPELLER, DESIGN A
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EXAMPLE 8, CONTROLLABLE PROPELLER
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EFFECTOF COMPRESSIBILITY ON PROPELLERS

TABLE II
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EXAMPLE 4, FIXED-PITCH PROPELLER, DESIGN B
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